The neonatal Fc receptor (FcRn) regulates the serum half-life of both IgG and albumin through a pH-dependent mechanism that involves salvage from intracellular degradation. WT bound strongly to human IgG1. The latter pair also interacted at physiological pH with calculated affinity in the micromolar range. In all cases, binding of albumin and IgG from either species to both receptors were additive. Cross-species albumin binding differences could partly be explained by nonconserved amino acids found within the ␣2-domain of the receptor. Such distinct cross-species FcRn binding differences must be taken into consideration when IgG-and albumin-based therapeutics and diagnostics are evaluated in rodents for their pharmacokinetics.
The major histocompatibility class I-related neonatal Fc receptor (FcRn) 3 is a versatile receptor that regulates serum IgG half-life, transport of IgG across intestinal epithelia and placenta, as well as enhancement of neutrophil phagocytosis of immune complexes, as reviewed previously (1) . Moreover, the receptor plays a role in antibody-mediated antigen presentation by dendritic cells (2) . FcRn has also been found to salvage albumin from intracellular degradation (3), in a fashion similar to that described for IgG, which involves receptor ligand interactions in acidified endosomal compartments (1) . Hence, FcRn affects diverse and important immunological and non-immunological processes.
FcRn is a heterodimeric receptor consisting of a transmembrane heavy chain (HC) that is non-covalently associated with ␤2-microglobulin (␤2m). Consequently, the significance of FcRn has been extensively documented in knockout mouse models lacking ␤2m or the HC. Such deficient mice have IgG serum levels of 20 -30% that of wild-type mice and a 60% reduced level of MSA (3, 4) . A human example is the rare familial hypercatabolic hypoproteinemia syndrome that is characterized by reduced serum levels of both hIgG and HSA (5) . An explanation was provided when deficient FcRn expression was demonstrated as a result of a point mutation in the ␤2m-encoding gene sequence that disrupts efficient secretion (6) . Thus, FcRn is truly bifunctional and contributes to maintaining the high levels of IgG as well as albumin in serum, with levels amounting to ϳ12 and ϳ40 mg/ml, respectively, in mice and humans.
The FcRn HC consists of three ectodomains (␣1, ␣2, and ␣3), a short transmembrane region, and a cytoplasmic tail (1) . Mutagenesis and crystallographic studies have uncovered that the FcRn-IgG interaction is mediated by Fc-localized residues, especially Ile-253, His-310, and His-435, and acidic surfaceexposed residues on the ␣2-domain of the HC (7) (8) (9) . The interaction is strictly pH-dependent with binding at acidic pH and no or very weak binding at physiological pH. The histidines are mainly responsible for the pH dependence, because they are protonated under acidic conditions. Although the FcRn-albumin interaction is less well characterized, data indicate that domain III of albumin binds to the HC ␣2-domain at a site distant from the IgG binding site, because His-166 is crucial for the interaction (10, 11) . Thus, both ligands may bind simultaneously in a pH-dependent manner.
Knowledge of FcRn-IgG biology explains the prolonged halflife of IgG Fc-fused therapeutics (1, 4, 12, 13) . Understanding of the FcRn-IgG interaction at the atomic level has prompted the development of novel IgG-based therapeutics with point muta-tions in their Fc part that modulate serum half-life (14 -19) . Furthermore, improved half-life and efficiency of a number of small therapeutic molecules and proteins that are normally cleared rapidly from the circulation have been achieved by strategies such as chemical conjugation or genetic fusion to albumin itself (20 -25) or any of several albumin binding molecules (26 -29) .
Mice are routinely used as convenient first line models for preclinical evaluation of such therapeutics. Thus, it is crucial to understand if and how mFcRn interacts with human ligands. Indeed, mFcRn has been shown to be rather promiscuous in its binding to IgG. It binds IgG from different species, including hIgG. On the other hand, hFcRn discriminates binding to mIgG (except for weak binding to mIgG2b) (30) . This latter finding has greatly contributed to the understanding of the fast clearance and disappointing therapeutic effects obtained using monoclonal mIgGs in human trials. However, fast or intermediate clearance can also be favorable, as demonstrated for IgG immunoconjugates approved for cancer imaging and therapy (16, 31) .
Mice have recently been constructed that lack the mFcRn HC and are transgenic for the human counterpart (4). Such mice express hFcRn that is exposed to the murine ligands, mIgG and MSA. Interestingly, they are found to be unable to protect mIgG from degradation. Nothing is known about the cross-species interaction between FcRn and albumin.
Herein, we report on important cross-species ligand-FcRn binding differences. Specifically, at acidic pH shFcRn WT binds MSA strongly while ignoring mIgG binding, whereas smFcRn WT binds hIgG1 strongly and HSA very weakly. The cross-species differences in albumin binding could partly be explained by non-conserved amino acid variations found in the vicinity of the conserved His-166 of the HC. In vivo, the consequences of weak binding of HSA to smFcRn WT may facilitate rapid clearance in the presence of high amounts of endogenous MSA. Such cross-species kinetic differences have great relevance for preclinical pharmacokinetics and biodistribution evaluations of engineered therapeutic and diagnostic IgGs, Fc, and albumin fusions in rodents.
EXPERIMENTAL PROCEDURES
PCR and Subcloning-The cDNA segments encoding truncated hFcRn HC and human ␤2m (h␤2m) were PCR-amplified from a U937 cell line (ATCC) cDNA library followed by subcloning of the fragments into the pcDNA3-GST vector, all as previously described (32) . A mouse liver cDNA library (Zyagen) was used to PCR-amplify a cDNA encoding a truncated version of the mFcRn HC (encoding the endogenous native leader sequence, ␣1, ␣2, and ␣3 domains; 293 amino acids) using the primers mFcRnForw and mFcRnRev, listed in supplemental Table 1 . Primers were designed to allow in-frame ligation of the fragment upstream of a cDNA encoding a glutathione S-transferase (GST) tag from Schistosoma japonicum into the pcDNA3-GST-h␤2m-oriP vector, which also contains a cDNA-encoding h␤2m and the Epstein-Barr virus origin of replication (oriP) (32) . The final vector was sequenced and denoted pcDNA3-mFcRn WT -GST-h␤2m-oriP. A single amino acidsubstituted mFcRn variant was constructed by mutating His-168 to alanine by site-directed mutagenesis using the plasmid  pcDNA3-mFcRn  WT -GST-h␤2m-oriP and the primers  mFcRnH168AForw and mFcRnH168ARev. Three double mutant  FcRn variants, named hFcRn   E117A/E118A   , hFcRn   R164L/E165G , and mFcRn L166R/G168E , were constructed using the templates pcDNA3-mFcRn WT -GST-h␤2m-oriP and pcDNA3-hFcRn WT -GST-h␤2m-oriP. The primer sequences used are all listed in supplemental Table 1 .
Construction of Mutant FcRn Variants-
Expression and Purification of Soluble FcRn Variants-For transient transfections, the hFcRn-and mFcRn-encoding plasmids were transfected into HEK 293E cells (ATCC) using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. HEK 293E cells were cultured in Dulbecco's modified Eagle's medium (BioWhittaker) using standard conditions. Pooled media were filtrated and applied on a GSTrap FF column (5 ml, Amersham Biosciences) connected to a semiautomatic workstation and recorder, and purifications were performed essentially as recommended in the manufacturer's manual. Eluted fractions were pooled, concentrated, and analyzed under non-reducing or reducing condition using ␤-mercaptoethanol (Sigma-Aldrich). Samples of 2 g of each receptor were applied on a 12% SDS-PAGE (Bio-Rad). Protein concentrations were determined using a NanoDrop N-1000 spectrophotometer (NanoDrop Technologies).
Construction, Production, and Purification of IgG Variants-A mouse plasmacytoma cell line producing chimeric human IgG1 (hIgG1) anti-3-iodo-4-hydroxy-5-nitrophenacetyl (NIP) was a gift from Dr. M. Neuberger (Medical Research Council Laboratory of Molecular Biology, Cambridge, UK). The construction of this antibody has been described before (33) . Pure preparations of anti-NIP mIgG1 and mIgG2b were gifts from Dr. Gregory Winter (Centre for Protein Engineering, Medical Research Council Centre, UK). A single amino acid-substituted chimeric hIgG1 variant was constructed by mutating His-435 (numbering according to the EU index) to alanine by site-directed mutagenesis using the primers hIgG1H435Aforw and hIgG1H435Arev (listed in supplemental Table 1 ) and the template vector pLNOH2/C␥1 (34) , which contains the gene fragment encoding the constant HC of hIgG1. The mutant vector denoted pLNOH-hIgG1 H435A was transiently expressed in HEK 293E cells by co-transfection with the pLNOK vector encoding the mouse lambda light chain as above. Chimeric hIgG1 H435A was purified on NIP-coupled Sepharose as previously described (35) . The integrity of expressed protein was verified by non-reducing SDS-PAGE analyses followed by Western blotting using a horseradish peroxidase-conjugated polyclonal rabbit anti-human Fc (Amersham Biosciences) and horseradish peroxidase-conjugated anti-murine lambda light chain (Southern Biotech) (data not shown).
Size-exclusion Chromatography Purification of Albumin Variants-Monomeric fractions of MSA (Calbiochem) and HSA (Sigma-Aldrich) were purified by size-exclusion chromatography on Superdex 200 (2.6 ϫ 60 cm, Amersham Biosciences) operated on a gradient fraction collector (Pharmacia Biotech). The column was loaded with 1.5-5 ml of sample at a concentration of 75-100 mg/ml. As elution buffer, 0.05 M Tris, 0.2 M NaCl, 2 mM EDTA, 0.02% NaN 3 was used, and the mixture was filtrated through a 0.22-m filter prior to use. The purity of the collected fractions was tested by size-exclusion chromatography analysis on an analytical Superdex 200 (1 ϫ 30 cm) operated on an LKB high-performance liquid chromatograph equipped with a Titan pump and eluted at 0.3 ml/min.
ELISA-Microtiter wells (Nunc) were coated with 100 l of bovine serum albumin-NIP at 1 g/ml, incubated overnight at 4°C, and washed three times with PBS/0.005% Tween 20 (PBS/ T), pH 7.4. They were then blocked with 4% skimmed milk (Acumedia) for 1 h at room temperature and washed as above. Serial dilutions (1 g/ml to 0.0004 g/ml) of anti-NIP hIgG1, hIgG1 H435A , mIgG1, and mIgG2b were added for 1 h at room temperature and washed with PBS/T, pH 6.0 or pH 7.4. 1 g/ml GST-tagged smFcRn or shFcRn variants preincubated with a horseradish peroxidase-conjugated goat anti-GST antibody (Amersham Biosciences) were added for 1 h at room temperature followed by washing with PBS/T, pH 6.0, or PBS/T, pH 7.4. Binding was visualized using tetramethylbenzidine substrate (Calbiochem). Binding to MSA or HSA was performed using serial dilutions of albumin (200 g/ml to 0.010 g/ml) coated in microtiter wells. The following steps were as described above.
SPR Analyses-SPR analyses were performed on a BIAcore 3000 instrument (Amersham Biosciences) using CM5 chips, and immobilization of smFcRn-GST and shFcRn-GST variants or smFcRn (kind gift from Dr. Sally Ward, University of Texas Southwestern Medical Center, Dallas, TX) was performed using the amine coupling kit (Amersham Biosciences). Protein samples (10 g/ml) were injected in 10 mM sodium acetate at HSA (ϳ2600 RU) or MSA (ϳ2000 RU). In all cases, to correct for nonspecific binding and bulk buffer effects, responses obtained from the control surfaces and blank injections were subtracted from each interaction curve. Kinetic rate values were calculated using predefined models (Langmuir 1:1 ligand model, heterogeneous ligand model, and steady-state affinity model) provided by using BIAevaluation 4.1 software. The closeness of the fit, described by the statistical value 2 , which represents the mean square, was lower than 2.0 in all affinity estimations.
Sequence Analyses-ClustalW was used for amino acid sequence alignments. The NCBI accession numbers of the FcRn HC sequences: NM_004107 (human), NM_176657 (bovine), NM_033351 (rat), and NM_010189 (mouse). For the ␤2m sequences: AAA51811 (human), NP_776318 (bovine), NP_036644 (rat), and NP_033865 (mouse).
RESULTS
Preclinical evaluations of novel IgGs, Fc, and albumin fusions are frequently performed in rodents. Thus, in vitro interaction analyses of such constructs regarding cross-species FcRn binding may give information valuable when predicting in vivo biodistribution and efficacy.
Construction and Expression of a Chimeric smFcRn Variant-A cDNA segment encoding the three ectodomains (amino acids 1-269) of mFcRn HC was PCR-amplified from a mouse liver cDNA library and found to be identical with published sequences (data not shown). The HC was then expressed as fusion to GST after transient transfection of HEK 293E cells as described before (32) . The vector used also carried the h␤2m cDNA. Harvested cell supernatants were pooled and applied to a GSTrap column for capture of chimeric smFcRn WT -GST molecules. SDS-PAGE analyses under non-reducing and reducing conditions showed the appearance of two main bands at ϳ75 and ϳ12 kDa that represent the GST-tagged mouse FcRn HC and h␤2m, respectively (Fig. 1) . The shFcRn HC prepared in the same fashion migrated as a band of ϳ65 kDa, which is in agreement with previous reports of heavier glycosylation of mFcRn than the human form (36, 37) . Both receptor fractions contained bands of higher molecular weight, which represent covalent aggregates that resolve under reducing conditions. This is in agreement with previous reports for other GST fusion molecules (38, 39) . The total amount of secreted chimeric smFcRn WT obtained was ϳ0.4 mg/liter supernatant, slightly higher than that reported for production of shFcRn WT (32) . Thus, mFcRn HC was shown to assemble with h␤2m in HEK 293E cells, and the heterodimer was secreted as a chimeric receptor.
Functional Integrity Determined by ELISA-The functional integrity of the chimeric smFcRn WT was confirmed by testing its IgG-binding properties. Binding to mIgG and hIgG variants were investigated and compared side by side with the binding ability of the human counterpart using a pH-dependent ELISA. Dilutions of anti-NIP IgG variants were captured on NIP-conjugated bovine serum albumin-coated microtiter wells. GSTtagged receptors were then added at acidic or physiological pH, and binding was detected using a horseradish peroxidase-conjugated anti-GST antibody. Fig. 2 (A and B) shows pH-dependent binding of shFcRn to hIgG1, whereas a hIgG1 mutant, hIgG1 H435A , did not interact at either pH. Moreover, mIgG1 did not bind and mIgG2b bound weakly, all in agreement with previous findings (30) . Repeating the assays under the same conditions showed that the chimeric smFcRn WT variant interacted with mIgG1 and mIgG2b at acidic pH (Fig. 2C ) and only very weakly at pH 7.4 (Fig. 2D ). Binding to hIgG1 was considerably stronger than to the mIgG subclasses, and hIgG1 bound both at acidic and physiological pH (Fig. 2, C and D) . Taken together, the results are as those previously reported for the murine receptor (40, 41) , and thus, chimeric GST-tagged FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 smFcRn WT has the same IgG-binding properties as the mouse receptor counterpart.
Cross-species Binding to FcRn
We next explored the interaction of the soluble receptor variants with albumin. Dilutions of monomeric size-exclusion chromatography isolated MSA and HSA (supplemental Fig. 1 ) were coated directly in ELISA wells, and pH-dependent binding studies were performed. Fig. 3 (A and B) shows binding of shFcRn WT to both HSA and MSA, respectively, but not at physiological pH. Thus, shFcRn does not discriminate against binding to MSA as it does to mIgGs. smFcRn WT bound both MSA and HSA, although lower binding responses were obtained compared with shFcRn binding (Fig. 3, C and D) . No detectable binding was seen to either albumin variant at pH 7.4.
Determination of Binding Kinetics by SPR Analyses-The expressed receptor domains are normally cell bound and exposed to circulating or pinocytosed soluble ligands. Thus, all measurements were run using covalently immobilized receptor and injection of IgG or albumin. Dilutions of mIgG1 were injected over CM5 surface of smFcRn WT , and reversible, concentration-dependent binding was observed at pH 6.0 (Fig. 4A) , in contrast to almost negligible binding responses at pH 7.4 (Fig. 4B) . The SPR data were fitted to the heterogeneous ligand binding model. This model has been used extensively to evaluate the FcRn-IgG interaction when FcRn is immobilized (12, 37, 42, 43) . The K D values obtained were 8.5 Ϯ 0.5 ϫ 10 Ϫ9 M (K D1 ) and 450.0 Ϯ 65.0 ϫ 10 Ϫ9 M (K D2 ). This is in accordance with values obtained by others with immobilized murine receptor (19) .
Cross-species binding to hIgG1 generated responses clearly stronger than those recorded for mIgG1 (Fig. 4C) 
Ϫ9 M (K D2 ) at pH 6.0. Thus, a Ͼ85-fold decreased K D1 was found compared with that of the smFcRn-mIgG1 interaction. At pH 7.4, significant concentrationdependent and reversible binding responses were obtained (Fig. 4D) , and the affinity could be calculated with a K D1 of ϳ10 Ϫ6 M. These data are summarized in Table 1 . The kinetics of cross-species IgG binding have previously been recorded by SPR with IgG immobilized on the chip (44 -46) . This receptor:ligand orientation estimates a lower affinity for the interaction than that recorded here, where the receptor is immobilized. The trends were obtained, however.
To evaluate binding of MSA to smFcRn WT , dilutions of monomeric MSA were injected over the immobilized receptor at pH 6.0, and the representative sensorgram demonstrates reversible binding (Fig. 5A) . The data fitted well to a simple first-order bimolecular interaction model applied with the BIAevaluation software and gave a K D of 9.3 Ϯ 0.4 ϫ 10 Ϫ6 M (Table 2) . No binding of MSA to smFcRn WT was obtained at pH 7.4 (Fig. 5B) . a Dilutions of mIgG1 and hIgG1 were injected over immobilized smFcRn WT as shown in Fig. 4 . b The binding measurements were performed at pH 6.0 or 7.4. c Fractional occupancies, f 1 and f 2 , of the two independent, parallel interactions. d The kinetic rate constants were obtained using the heterogeneous ligand binding model, which gave the best global fit using the BIAevaluation 4.1 software. The model assumes two independent, parallel reactions with immobilized smFcRn-GST. The kinetic values represent the average of triplicates. e ND, not determined due to no or very low binding responses.
Monomeric HSA bound smFcRn WT , but very weakly and with fast kinetics at pH 6.0 (Fig. 5C ), while no binding at pH 7.4 was observed (supplemental Fig. 3A) . Injection of higher concentrations of HSA increased binding responses, but aggregation of HSA obscured the results. However, these data could be fitted to a steady-state binding model and gave rise to an estimated K D of 86.2 Ϯ 4.1 ϫ 10 Ϫ6 M. The results are not affected by the chimeric composition of smFcRn, because the same weak binding responses were obtained using a fully murine form of FcRn (supplemental Fig. 2 ).
shFcRn WT interacted with MSA at pH 6.0 (Fig. 5D ) and not at pH 7.4 (supplemental Fig. 3B ). The estimated K D at pH 6.0 was 0.8 Ϯ 0.2 ϫ 10 Ϫ6 M. The kinetic measurements are summarized in Table 2 (Fig. 6A) . Furthermore, HSA was shown to inhibit smFcRn WT binding to MSA rather poorly, as in this case ϳ10-fold more HSA than MSA was required to reach 50% inhibition (Fig. 6B) .
Mapping the Differences in Albumin Binding Properties-Previously, we reported that the conserved His-166, located to the ␣2-domain of human heavy chain, is crucial for binding to HSA, because mutation of this residue to alanine completely eliminate FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 binding to HSA at acidic pH, whereas binding to hIgG is retained (10) . This residue is conserved in all known FcRn sequences, including the mouse and rat HCs (Fig. 7A) (10) . Mutation to alanine of the corresponding residue in the mouse counterpart (His-168) completely eliminated binding to HSA (100 M), and only weak binding was detected for MSA (20 M) when injected over a high density surface with immobilized mutant at acidic pH (supplemental Fig. 4, A and B) .
We speculated whether species differences in binding kinetics may be caused by non-conserved amino acids found in proximity to His-166 in the folded molecule. Interestingly, inspection of the flanking amino acids revealed major non-conserved variations, because the neighboring exposed basic Arg-164 and acidic Glu-165 in humans are replaced by the hydrophobic leucine and glycine residues in rodents, respectively (Fig. 7, A  and B) . His-166 and the non-conserved amino acid residues (Arg-164 and Glu-165) are highlighted in the human crystal structure shown in Fig. 7B . To explore the putative role of these residues in ligand binding, Arg-164 and Glu-165 were mutated to leucine and glycine in shFcRn, whereas Leu-166 and Gly-167 were mutated to arginine and glutamic acid in smFcRn.
Titrated amounts of monomeric HSA and MSA were again injected over immobilized receptor variants at pH 6.0. Representative sensorgrams demonstrate reversible binding responses at acidic pH, and the calculated binding kinetic values differ from that of the wild types (Fig. 8, A-D, and Table 2 ). The humanized smFcRn L166R/G167E variant bound HSA ϳ3-fold more strongly than the wild-type mouse form, and the binding affinity for MSA was also slightly increased. Furthermore, rodentized shFcRn R164L/E165G bound HSA with an affinity of ϳ2-fold weaker and MSA with a ϳ6-fold weaker affinity than shFcRn WT . Thus, exchange of human-mouse amino acids in the vicinity of the key histidine residue decreased the differences in albumin-binding properties at acidic pH. However, the affinity of rodentized shFcRn R164L/E165G was not completely reduced to that of smFcRn WT , and the affinity of humanized smFcRn L166R/G167E did not totally reach the binding affinity of shFcRn WT . Also, the impact of the mutations on hIgG1 binding was investigated by ELISA. No differences in binding were detected for shFcRn H166A and shFcRn R164L/E165G compared with shFcRn WT (Fig. 8E) . Mutation of two conserved glutamic acids, Glu-115 and Glu-116 (highlighted in Fig. 7B ), to alanines (shFcRn E115A/E116A ), completely eliminated binding to hIgG1 (Fig. 8E) . This result supports a key role for these negatively charged residues in IgG binding, as previously shown by others (30, 47) . Both smFcRn H168A and smFcRn L166R/G167E bound hIgG1 like the wild-type receptor (Fig. 8F) . Thus, mutation of amino acids close to the conserved histidine did not influence binding to hIgG1.
Bifunctional FcRn Ligand Binding-shFcRn has been shown to bind both hIgG and HSA simultaneously in a pH-dependent manner (11) . Cross-species binding of both ligands to FcRn may reveal how they are transported and protected from degradation in WT and transgenic mouse strains. We investigated the effect of each ligand on the binding of the other by injecting IgG and albumin, from both species, separately or together as a preincubated sample, over surfaces immobilized with smFcRn or shFcRn at acidic pH. Fig. 9 (A  and B) shows the resulting responses for binding to shFcRn and smFcRn, respectively. Both receptors bound their native ligands in an independent and additive manner. shFcRn ignored binding to mIgG, and smFcRn bound very weakly to HSA. In all cases, however, for both receptors, neither ligand (IgG or albumin from both species) interfered with binding of the other.
DISCUSSION
Proper folding and cellular transport of the FcRn HC is absolutely dependent on association with ␤2m in the endoplasmic reticulum (48) . Thus, both polypeptides need to be present for generation and secretion of cell bound as well as truncated forms of heterodimeric FcRn. Expression of functional chimeric FcRn has earlier been demonstrated in vivo in mice transgenic for the hFcRn HC (4) or the bovine FcRn HC (49) . In both cases, the HC associates with mouse ␤2m into a functional In this study, we show that a truncated mFcRn HC assembles with h␤2m, and that the heterodimer is secreted from HEK 293E cells. The functional integrity of the chimeric smFcRn was extensively investigated by ELISA analyses and revealed binding to mIgG1, mIgG2b, hIgG1 and no detectable binding to a hIgG1 H435A mutant. The chimeric receptor performed as a completely murine receptor and was then utilized in a series of ELISA and SPR experiments to obtain new information about cross-species ligand binding to FcRn.
The amino acid sequences of bovine, rat, and mouse ␤2m showed 73%, 68, and 66% homology with the human counterpart, and the corresponding values for the FcRn HC were 76%, 64 and 66%, respectively (supplemental Table 2 and 3) . Thus, FcRn HC from other species may well be co-expressed with h␤2m in HEK 293E cells to produce a variety of chimeric FcRn variants.
To perform SPR, the receptors were immobilized on the chip, and the ligands were injected. Others have immobilized IgG and injected the receptor (45, 46, 50) . In this situation, the actual affinities that were calculated were lower than those obtained here using the heterogeneous ligand binding model. However, the binding hierarchies were the same, with shFcRn WT ignoring mIgG and smFcRn WT binding better to hIgG than to mIgG. The high affinity is in agreement with binding studies of FcRn expressed on cells (51) .
Importantly, with IgG immobilized, the interaction between smFcRn WT and hIgG at physiological pH was barely detectable. By immobilizing the receptor, we were able to obtain kinetic data that suggest a difference in K D1 of four logs for the interactions at acidic and physiological pH.
The higher affinity of hIgG1 for smFcRn WT compared with the smFcRn-mIgG interaction at pH 6.0 may indicate that half-life in WT mice could be overestimated. However, the fact that hIgG1 also binds with reasonable affinity at physiological pH could counteract the effect, because it has been shown that such interaction lowers the half-life (52) . In any case, half-life estimations of mIgG and hIgG in WT mice show approximately the same values (17) .
SPR analyses showed that smFcRn WT interacted pH dependently with MSA with an estimated K D of 9.3 Ϯ 0.4 ϫ 10 Ϫ6 M at acid pH. This is the first report on in vitro kinetics of the smFcRn-MSA interaction, a finding that supports the role of FcRn in albumin half-life regulation in mice (3, 53) .
The remarkably long half-life of albumin was well recognized before its relationship with FcRn was discovered and utilized to enhance the in vivo effect of short-lived therapeutic substances. For instance, HSA-fused interferon ␣2b is now undergoing Phase 3 trials (54), and other HSA fusions are under study. Importantly, such constructs require animal models for preclinical evaluation.
Recent reports have addressed the in vivo half-life of HSA fused or targeted molecules in mice (25, 28) and argued that the increase in half-life observed is a consequence of FcRn-mediated rescue. Improved tumor imaging in rodents has been obtained using antitumor antigen antibody fragments genetically fused to HSA-or HSA-binding proteins (26, 29, 55 FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 binds MSA with a K D of ϳ10 M. The affinity for the endogenous ligand is 10-fold higher than that for HSA, a fact that nicely correlates with the inhibition data where smFcRn WT was shown to prefer MSA over HSA. This must necessarily affect the in vivo half-life of both HSA and HSA fused molecules in mice in the presence of high amounts of circulating endogenous albumin. When HSA-fused molecules show a moderate increase in half-life in rodents, and not an extended half-life similar to that of endogenous albumin, it may simply be an effect of the increase in molecular weight above the threshold for kidney clearance.
Cross-species Binding to FcRn
Support for this view is given by studies of HSA and singlechain variable fragment genetically fused to HSA in rats. Neither molecule shows more than half the serum persistence of endogenous rat albumin (56) . Notably, mouse and rat FcRn HCs showed high homology (89%) (supplemental Table 3 ), as did rat and mouse albumin sequences (90%). Thus, the rat FcRn-HSA interaction is likely as weak as the smFcRn-HSA interaction. Albumin-targeted molecules have been described that achieve the same half-life as endogenous albumin. This is the case with human domain antibodies selected to bind albumin (57) . Two anti-rat albumin domain antibodies with low (1 M) and high (13 nM) affinity showed half-lives in rats of 43 and 53 h, respectively. Rat albumin has a half-life of 53 h, similar to the high affinity domain antibody.
Although shFcRn WT ignores mIgG, it interacts strongly with MSA. The affinity for MSA was 100-fold stronger than that of the murine receptor. Based on this, one would predict that the mouse strain transgenic for the hFcRn HC would bind strongly to endogenous MSA and protect it from degradation. This was indeed the case, and a 46% increase of the MSA levels in such mice has been observed (3).
The presence of MSA bound to the human receptor, and also high serum concentrations of MSA, will surely affect rescue of HSA-associated molecules that compete for the same binding site on the receptor. Notably, the off rate of MSA is 10 times lower than that of HSA. Transgenic mice, fortified with serum hIgG, are useful when evaluating serum persistence of engineered hIgGs, but the half-life of HSA variants and conjugates may well be underestimated. The latter is supported by the competitive data presented here where MSA efficiently inhibited shFcRn WT binding to HSA. The binding sites for hIgG and HSA are distally localized in the ␣2-domain of the hFcRn HC (10) . In line with this, we show that all combinations of ligands bound additively to both receptor forms, and that shFcRn WT ignores mIgG while binding strongly to MSA. A relevant question is whether the absence of one of the ligand affects FcRn trafficking. Notably, the fact that hFcRn HC transgenic mice have a 46% increase in MSA levels predicts that the transgene-encoded hFcRn recycles MSA while ignoring mIgG in acidified endo- somal compartments. Furthermore, analbuminemic rats that lack endogenous albumin have almost normal levels of serum proteins with a slightly increased amount of IgGs. This fact supports that FcRn recycles IgG in the absence of albumin (58) . Swapping of two non-conserved amino acids near the conserved histidine residue (shFcRn His-166/smFcRn His-168) influenced the binding kinetics at acidic pH. The humanized smFcRn L166R/G167E gained affinity for HSA and MSA while the rodentized shFcRn R164L/E165G lost affinity for HSA and MSA. Thus, the mouse residues transplanted on shFcRn WT gave the human receptor mouse-like binding properties. However, other residues than the two focused are involved, because the binding kinetics did not fully reach that recorded for the wildtype counterparts.
